Marine cyanobacteria represent a unique source in the field of drug discovery due to the secondary metabolites they produce and the structural similarity these compounds have to endogenous mammalian receptor ligands. A series of cyanobacteria were subjected to extraction, fractionation by column chromatography and screened for affinity against CNS targets with a focus on serotonin receptors (5-HTRs). Out of 276 fractions screened, 21% had activity at 5-HTRs and/or the 5-HT transporter (SERT). One sample, a cyanobacterium identified by 16S rRNA sequencing as Leptolyngbya from Las Perlas archipelago in Panama, contained a fraction with noted affinity for the 5-HT 7 receptor (5-HT 7 R). This fraction (DUQ0002I) was screened via intracerebroventricular (ICV) injections in mice using depression and anxiety assays including the forced swim, tail suspension, elevated zero maze, and light-dark preference tests. DUQ0002I decreased depression and anxiety-like behaviors in males and did not have effects in 5-HT 7 R knockout or female mice. Administration of DUQ0002I to the CA1 of the hippocampus induced antidepression-like, but not anxiolytic-like behaviors. Testing of further purified materials showed no behavioral effects, leading us to hypothesize that the behavioral effects are likely caused by a synergistic effect between multiple compounds in the fraction. Finally, DUQ0002I was used in a model of neuropathic pain with comorbid depression (spared nerve injury-SNI). DUQ0002I had a similar antidepressant effect in animals with SNI, suggesting a role for the 5-HT 7 R in the development of comorbid pain and depression. These results demonstrate the potential that cyanobacterial metabolites have in the field of neuropharmacognosy.
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| E XPERIMENTAL PROCEDURE S

| Field sampling of cyanobacteria
Cyanobacterial samples were collected between 2011 and 2016 through snorkeling and SCUBA near Panama (Caribbean Sea and Pacific Ocean) and Curaçao. The specific sample of focus here was collected by snorkeling on January 28, 2013 while at a depth of 1 m off the coast of Mogo Mogo (GPS coordinates: 8°34'50.2" N, 79°01'10.6" W) in the Las Perlas Archipelago, Panama. A dark green/black cyanobacterial biomass was collected. The sample was fully suspended in ethanol:seawater (50:50) mixture to preserve the sample until it could be stored at -20°C prior to extraction. A voucher specimen (PLP-28Jan13-2) is deposited in the Department of Medicinal Chemistry, Graduate School of Pharmacy, Duquesne University and was given the laboratory identifier DUQ0002.
| Extraction and in vitro characterization of metabolites
The DUQ0002 cyanobacterial biomass (75 g, dry wt) was extracted with 2:1 CH 2 Cl 2 -MeOH to afford 3.3 g of crude extract. This crude extract was fractionated over normal phase silica gel with a stepwise gradient solvent system of increasing polarity starting from 100% hexanes to 100% MeOH, to yield nine fractions (A-I). The fraction eluting with 100% methanol (fraction I (DUQ0002I), 292 mg) was chromatographed on hypersep C18 reversed phase (2000 mg/15 mL) column using methanol:water, gradient 50-100% to yield four sub-fractions, DUQ0002I-1-4 corresponding to 224.9, 5.7, 7.9, and 13.9 mg, respectively. The fraction most similar to the crude fraction, sub-fraction DUQ0002I-1 (167.5 mg), was further purified over silica gel (90.6 g) using methanol:dicloromethane, gradients 5, 8, and 10% to yield sub-fractions, DUQ0002I-1A (3.2 mg), DUQ0002I-1B (4.0 mg) and DUQ0002I-1C (7.9 mg).
NMR spectra were recorded with methanol as internal standard (δ C 49.9, δ H 3.34), on a Bruker 500 MHz spectrometer operating at 499.7
MHz for 1 H and 125.7 MHz for 13 C equipped with a 5 mm PATXI 1 HD/D-13 C/ 15 N Z-GRD Probe. Column chromatography was performed using Sorbent Technologies silica gel (230-400 mesh). Solvents were evaporated on a Heidolph rotary evaporator.
| Psychoactive drug screening program binding assays
All binding data for fractions DUQ0002A-I were performed and generously provided by the National Institute of Mental Health's Psychoactive Drug Screening Program (NIMH PDSP) utilizing a radioligand competition-binding assay. Experimental details are available online at https:// pdsp.med.unc.edu/. In brief, fractions that pass primary binding criterion of greater than 50% inhibition at 10 μM are tagged for secondary radioligand binding assay to determine IC 50 at the specific target of interest. To determine overall hit rates at 5-HT receptors and the serotonin transporter (SERT) for all fractions screened between 2011 and 2016, we calculated the number of fractions with >50% binding affinity at 5-HT targets (n = 58) compared to the total number of our cyanobacterial fractions that have been screened by the PDSP (n = 276).
| Microscopy
Samples of DUQ0002 used for microscopy were prepared using a piece of the sample stored in RNAlater solution. Filaments were spread out onto a slide with distilled H 2 O and imaged at 20X on a Nikon 1AR-HD microscope using the FITC (487 nm), TRITC (560 nm) and Cy5 (637 nm) channels.
| 16S rRNA gene sequencing and phylogenetic analysis
Genomic DNA was extracted from DUQ0002 that was preserved in RNAlater® solution (Thermo Fisher) after collection. Lysis buffer (10 mM Tris, 0.1 M EDTA, 0.5% (w/v) SDS, 20 μg/mL RNase, pH 8.0) was added to the cyanobacteria mass at 10X the biomass of the cells (i.e., 100 mg cells = 1000 μL lysis buffer). This was followed by 100 μL of lysozyme solution (10 mg/mL, Sigma) for 30 minutes with an incubation at 37°C. 0.01X the volume of Proteinase K (10 mg/mL, Gene Link) was then added and incubated for 1 hr at 50°C. Following this, the mixture was centrifuged at 13,000 rpm for 3 min and the remaining pellet was used with the Wizard Genomic DNA Purification Kit (Promega).
Extracted genomic DNA then underwent PCR to amplify the 16S rRNA gene with primers (CYA106F and CYA1509R) previously utilized (Engene, Cameron Coates, & Gerwick, 2010; Nubel, Garcia-Pichel, & Muyzer, 1997) . Successful PCR amplifications (~1370 bp) underwent PCR purification using the Min Elute PCR Purification Kit (Qiagen) and purified PCR products were used for TOPO cloning. One Shot E. coli cells along with the pCR® 4-TOPO vector with kanamycin resistance from the TOPO TA Cloning ® Kit (Invitrogen) were used and cells were plated overnight at 37°C on LB KAN plates. Successful transformants were selected and used in colony PCR with the M13F and M13R primers to confirm the presence of the 16S rRNA sequence now in the TOPO vector (~1535 bp). Purified PCR product for correct samples was sent to
Beckman Coulter (now GENEWIZ) to undergo forward and reverse Sanger sequencing with the M13F and M13R primers. Our sequence for DUQ0002, along with 16S rRNA gene sequences that were obtained with sequence data available at the National Center for Biotechnology (NCBI) webpage (https://www.ncbi.nlm.nih.gov) were then used for phylogenetic analysis. Gene sequences were aligned using the Muscle algorithm and phylogeny reconstruction was done using maximum likelihood method with 500 bootstrap replicates using the MEGA (version 5.1) program (Hall, 2013) . DUQ0002 16S rRNA GenBank deposit number (MH357345).
| Animals
All animal procedures were reviewed and carried out in accordance with the National Institutes of Health Guide for the Care and Use of Animals and the Institutional Animal Care and Use Committee at Duquesne University. Experiments were performed on either male or female C57Bl/6J mice that were 8-10 weeks old. For experiments using the SNI/sham model, animals were 8-10 weeks old when SNI/sham surgeries were completed, and all behavioral testing began 10 weeks after surgery. For 5-HT 7 R knockout experiments, 8-10 week old 5-HT 7 R -/-(homozygote) mice and 5-HT 7 R +/+ (wildtype) sibling controls were used (Jackson Laboratories (Cat: 019453) Hedlund et al., 2003) . 5-HT 7 R knockout mice were previously backcrossed onto a C57Bl/6J line and were re-derived in C57 female mice. All experimental mice were group housed up until cannulation surgeries were performed (this is necessary since group housing can cause the animals to lose their skull caps that are present after cannulation). Mice were maintained on a 12h light/dark cycle (lights on between 7:00AM and 7:00PM) with ad libitum access to food and water. All procedures were done during the light cycle. All behaviors performed were recorded and analyzed by a male experimenter (due to the known effects of human pheromones on rodent behavior (Sorge et al., 2014) ), who was blinded to experimental treatments.
| Cannulation procedures for in vivo fraction and drug delivery
Cyanobacterial fractions, drugs, and vehicles were delivered directly into the CNS via stainless steel cannulas. For cannulation surgeries, animals were anesthetized with 3% isoflurane/0.6% oxygen. Intracerebroventricular (ICV) surgeries were done as described previously (Glascock et al., 2011) and CA1 bilateral cannulations were performed as subsequently described. Briefly, mice were placed in a stereotaxic frame and steel cannulas (one 8.00 mm for ICV and two 5.60 mm for CA1) were placed into the right lateral ventricle (ICV) or bilaterally into the CA1 region of the left and right hippocampus. The following anatomical coordinates were used: ICV-0.5 mm anterior to bregma, 1.0 mm lateral to midline and 2.0 mm ventral to the skull; CA1-1.6 mm anterior to bregma, 1.0 mm lateral to midline and 1.6 mm ventral to the skull. A dental cement skullcap secured with two bone screws was used to hold cannulas in place. Mice were allowed to recover on heating pads, housed in individual cages (this is required since group housed animals often remove their cagemate's cement skullcaps through grooming or other social behavior) and were given one week of recovery prior to the beginning of behavioral testing. Following all behavioral tests, cannula placement was verified with necropsy.
| Fraction and compound administration for behavioral analysis
Cyanobacterial extracts and commercial compounds for behavioral characterization were prepared as described previously (Lax et al., 2016) .
Briefly, samples from collection DUQ0002, fraction I (DUQ0002I), the known 5-HT 7 R antagonist SB258719 (SB258719 hydrochloride, Tocris) and subfractions isolated from the parent fraction (DUQ0002I-1A-C, 2-4) were dissolved in a mixture of 50% DMSO and 50% artificial cerebrospinal fluid (aCSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2.0 CaCl 2 , 1.0 MgCl 2 , and 25 D-glucose, bubbled with 95% O 2 /5% CO 2 for 20 min. prior to use. We have previously shown no behavioral effect of this vehicle preparation in mice compared to 100% aCSF vehicle (Lax et al., 2016) . Microinjections were performed using a 32-gauge injector that extended 0.5 mm beyond the tip of the ICV or CA1 cannulas. The injector was attached to flexible tubing and a 1.0 μL syringe (Hamilton) that was used to deliver a total volume of 0.5 μL over a 2-min period (two syringes, injectors, and sets of tubing were used for bilateral CA1 injections; 0.5 μL per CA1). The injectors were kept in place for one minute after the injections were complete to allow for complete compound infusion and all behaviors were conducted 5 minutes after compound administration. For all injections, fraction DUQ0002I and subfractions DUQ0002I-1A-C, DUQ0002-2-4
were administered at a dose of 40 μg per cannula and SB258719 was administered at a dose of 5 μg based on previously literature (Zhao et al., 2014) . The fraction dose was based on PDSP screening at 4 mg/mL and adjusted for ICV injections and intra-amygdala injections that we have done previously (Kolber et al., 2010; Lax et al., 2016) . 50%/50% aCSF/DMSO was used as a vehicle control in all experiments.
| Behavioral testing
We determined that 5-8 animals would be needed per group based on previously published behavioral data (Lax et al., 2016; Lax, George, Ignatz, & Kolber, 2014) and, in part, on an a-priori power analysis using a significance level (alpha) of 0.05 (two-tailed) at 95% power. Some behavioral tests (mainly from those during initial characterization with ICV injections) have higher values since those experiments were done in duplicate to verify the veracity of the effects. For all behavioral tests, mice were habituated for 1-2 hr in the behavior room with 60 dB of white noise to block ambient background noise, temperature of 22°C-25°C, humidity of 40%-60%. Experimenters waited an additional 30 minutes after entering the room to begin behavioral testing due to the known effects of human pheromones on rodent behavior (Sorge et al., 2014) .
All animals received fraction/subfractions/drug (DUQ0002I, DUQ0002I-1A-C, DUQ0002I-2-4, or SB258719) or vehicle 5 minutes prior to the beginning of testing, where they were returned to their homecages during the 5 minutes. All compound delivery was done blinded to fraction versus vehicle delivered and surgery type (e.g., SNI vs sham, where applicable). Treatment groups were randomly assigned to animals by a thirdparty experimenter during blinding. Animals were each tested in the same behavioral apparatus one at a time (not in parallel). For animals that were tested in more than one assay, testing was done with one week between assays and testing proceeded from the least stressful to most stressful test. This order began with elevated zero maze, followed by light-dark preference, tail suspension test and ended with forced swim test. A maximum of four tests were completed on groups of naive mice for ICV testing. Animals were individually housed for up to four weeks, including the one week of recovery post-surgery plus one week between each of the behavioral tests. In subsequent testing, only certain tests were used in different contexts but testing order always proceeded from least stressful to more stressful. No animals underwent testing in the same assay twice. All behavioral testing and analysis of behavior was done blinded to treatment and surgery type (where applicable).
| Elevated zero maze (EOM)
The elevated zero maze was performed largely as described previously (Kulkarni, Singh, & Bishnoi, 2007) . In this assay, mice were placed on an elevated circular platform (50 cm off ground, 4.5 cm wide platform, 63.5 cm diameter) with two "arms" that are open, and two "arms" that contain a high wall (walls are 16 cm high) enclosing the platform. Animals were recorded with an over-head videocamera (Logitech Pro 9000)
and locomotion was tracked with ANY-maze software (Stoelting Co., version 4.98, Wood Dale, IL) . Time spent and distance traveled in the open and closed arm were recorded for the 10 minute long test.
| Light-dark preference (LDP) test
The light-dark preference was performed as described previously (Bourin & Hascoet, 2003) . In this assay, a box (46 cm L x 27 cm W x 31 cm H) with a "dark" and "light" side that take up 1/3 and 2/3 of the box space, respectively, is used. A door (5 cm x 6 cm) separates the two regions.
First, mice are placed in the dark side with the lid on and door to the light side closed for one minute. After the one minute, the door is opened and animals were recorded with an over-head camera and tracked with ANY-maze software (Stoelting Co., version 4.98, Wood Dale, IL). Time spent and mean visit time to the light side was recorded for the 10 minute long test.
| Tail suspension test
The tail suspension test was performed as described previously . Briefly, mice were suspended by the distal ends of their tail in a Plexiglas enclosure (35 × 25 × 25 cm) with white sides. The animals' movements were recorded with webcam for scoring offline in one minute long bins for a total of 6 minutes. Immobility was defined as time when the mouse did not exhibit any outward movement of its limbs or body.
| Forced swim test
The forced swim test was performed as described previously (Can, Dao, Arad, et al., 2012) . Briefly, mice were placed in a beaker of water (~750 mL in a 1.0 L beaker, temperature 26°C-30°C), with all but their heads submerged. The animals' movements were recorded with a Logitech Pro 9000 webcam for scoring offline in one minute long bins for a total of 6 minutes. Immobility was defined as time when the mouse did not exhibit any outward movements or when it only exhibited only movements necessary to maintain buoyancy (i.e., one paw gently moving in water).
| Mechanical sensitivity test
Mechanical sensitivity was measured with von Frey filaments (Touch Test) ranging from 0.02 g-2.56 g to determine the 50% withdrawal thresholds using the up/down method (Chaplan, Bach, Pogrel, Chung, & Yaksh, 1994; Dixon, 1980) . Animals were placed in Plexiglas boxes on a wire mesh surface for two hours prior to testing. Paw withdrawal was defined as a full lifting of the foot off of the wire-mesh surface when a filament was applied to the lateral edge of the paw (area innervated by the intact sural branch of sciatic nerve). After baseline testing, mice underwent SNI/sham surgery (see below). One week after the surgery, mice were subjected to von Frey testing again to observe withdrawal thresholds. Additional testing was done at two, three, five, six and ten weeks after surgery.
| Spared nerve injury (SNI) surgery
For SNI, male animals were anesthetized with 10:1 ketamine/xylazine mixture injected intraperitoneally into the mice (10 μL/g) and surgery
was performed as described previously (Decosterd & Woolf, 2000; Richner, Bjerrum, Nykjaer, & Vaegter, 2011) . Briefly, a suture thread was tied around tibial and common peroneal branches of the sciatic nerve, both of which were ligated 2 mm distal to the suture. The sural branch of the sciatic nerve was not manipulated. Sham surgeries followed the same procedure, without manipulation of the sciatic nerve. Mice recovered on heating pads and were group housed until cannulation surgeries were performed 9 weeks after SNI/sham.
| Statistical analysis
Graph Pad Prism version 6 for Mac OS X was used for all statistical analysis. All data are presented as mean ± SEM. Statistical significance was determined between groups using un-paired t-tests or 2-ANOVAs followed by Bonferroni post hoc tests. Statistical significance was established at a 95% confidence interval (p < 0.05).
| Z-score analysis
Z-scores were calculated for each animal in each behavior tested based on the published method (Guilloux, Seney, Edgar, & Sibille, 2011) , an individual Z-score (Z) was calculated to determine how many standard deviations (σ) each animal was above or below the mean of the control group (μ) using the following formula: Z = (X-μ) / σ. Z-scores for individual parameters were then averaged to generate "depression" and "anxiety" emotionality scores. With this type of analysis, the control group always has an overall Z-score of zero. For the experimental groups, positive Z-scores reflect positive emotionality changes (i.e., antidepression or antianxiety), whereas negative Z-scores reflect negative emotionality changes (i.e., depression, anxiety). (Figure 1 ). These data show the apparent evolutionary pressure that exists to produce 5-HTR metabolites. This paper focuses on a specific collection with a fraction showing specificity for the 5-HT 7 R.
| RE SULTS
| 5-HT 7 R cyanobacterial collection, phylogeny and screening
A dark green/black cyanobacterial mat was collected in ~0.6 m of water off Mogo-Mogo in the Las Perlas Archipelago, Panama (8°34'50.2"N, 79°01'10.6"W) and was given the extraction ID of DUQ0002 (Figure 2a ). Confocal ( Figure 2b ) and transmitted light ( Figure 2c ) microscopy was performed in order to observe the microscopic structure of the organism. Based on the morphology of the specimen, this sample was field identified as belonging to the genera of Oscillatoria or Moorea. In order to more accurately determine the species of cyanobacteria, sequencing of the 16S rRNA gene was performed. We compared the DUQ0002 sequence with a series of previously published 16S rRNA sequences that highlighted the relatedness of marine cyanobacterial strains that produce natural products (Engene, Gunasekera, Gerwick, & Paul, 2013) . We found that DUQ0002 groups within the Leptolyngbya clade, showing that our collection most likely belongs to this genus ( Figure 2d , GenBank Number MH357345).
To evaluate the potential of extracts from DUQ0002 for lead compounds to treat pain and depression, fractions (named DUQ0002A-I) were screened using radioligand competition-binding assays. The results for the nine fractions screened are summarized in Tables 1 and 2 . "Hits" for the primary assay, highlighted in yellow in Table 1 , were observed for all fractions screened at one or more receptors and/or transporters.
Fractions showing greater than 50% inhibition of binding of radioligand in the primary binding screen were subjected to secondary binding assay for IC 50 /K i determination ( Table 2) . The apparent K i curve for DUQ0002I and a comparison to clozapine, a serotonin receptor antagonist, is shown in Figure 2e . These apparent K i values allow us to determine if the inhibition of binding is caused by a potent compound with a low apparent K i or a large amount of a weakly binding compound with a high apparent K i . Fraction DUQ0002I displayed two-fold selectivity for 5-HT 7 R (K i /IC 50 = 749 ng/mL) over 5-HT 1A R (K i /IC 50 = 1746 ng/mL), five-fold selectivity over mGluR5 (IC 50 = 3676 ng/mL), and thirteen-fold selectivity over the norepinephrine transporter (NET; K i /IC 50 = >10,000 ng/mL). Generally, the lack of selective agonists and antagonists have been attributed to the high sequence homology amongst 5-HTR subtypes (Hoyer et al., 1994) . Both 5-HT 1A R and 5-HT 7 R target adenylyl cyclase (AC) with opposing effects; 5-HT 7 R activates AC increasing the concentration of cyclic adenosine monophosphate (cAMP) whereas 5-HT 7 R inhibits AC, decreasing cAMP concentrations (Hannon & Hoyer, 2008) .
| Initial characterization of DUQ0002I in male mice via intracerebroventricular (ICV) injections
After determining DUQ0002I affinity for the 5-HT 7 R, 5-HT 1A R, and mGluR5 receptors, we began to characterize DUQ0002I's potential effects using in vivo assays in male mice. Since the specific nature and sites of action in the nervous system of the active compound in DUQ 0002I
were unknown, we began our characterization of this fraction using ICV injections. This method of administration allows for the delivery of compounds to the lateral ventricle of the brain and disperses the compound throughout the cerebrospinal fluid of the CNS (Glascock et al., 2011) . This administration route was also utilized due to the fact that it was unknown whether the active compound(s) had the ability to cross the blood-brain barrier and eliminated any possible interference of first pass metabolism of any active components.
In this initial screening, we tested whether the fraction DUQ0002I could alter depression-like and anxiety-like behaviors in a group of male mice. Each animal was randomly assigned to a testing group, and all animals underwent the forced swim test, tail suspension test, elevated zero maze, and light-dark preference test. For all behavioral tests, a dose of 40 μg of DUQ0002I was used. This dose was based upon the dose that was used for the initial in vitro PDSP screening, which was done at 4 mg/mL, and then adjusted for ICV injections and intra-amygdala injections in mice that we have done previously (Kolber et al., 2010; Lax et al., 2016) . Starting with the depression assays, the forced swim test was used.
This standard test of depression measures the amount of time an animal spends immobile after it is placed in a beaker of water, from which it cannot escape. Longer time spent immobile in the water is correlated with greater depression-like behavior while less time spent immobile is correlated with greater antidepression-like behavior (Can, Dao, Arad, et al., 2012) . Following a five-minute pretreatment with 40 μg of DUQ0002I or vehicle, animals treated ICV with DUQ0002I (n = 18) spent a statistically significantly lower time immobile compared to control animals Hit Rates at 5-HTRs and SERT (n = 18) ( Figure 3a , unpaired t-test, **p = 0.0019). The tail suspension test was next used to further measure changes in depression-like behavior. Similar to the forced swim test, this assay measures the amount of time an animal spends immobile after being suspended upside down by the distal end of its tail. As with the forced swim test, longer time spent immobile is indicative of depression-like behavior while less time spent immobile is associated with antidepression-like behavior . Mice pretreated with DUQ0002I (n = 9) did not show any changes in total time spent immobile compared to vehicle-treated animals (n = 9) ( Figure 3b , unpaired t-test, p = 0.5520).
In addition to studying depression-like behaviors, we also looked for changes in locomotor and anxiety-like behavior using several different assays. First, we used the elevated zero maze (EOM), a standard anxiety test which measures the amount of time and distance traveled in a circular maze with high-walled and low-walled regions, in a dimly lit room. Increased time and percent overall distance traveled in the open arms (low-walled regions) is correlated with anti-anxiety-like (anxiolytic) effects, while decreases are correlated with anxiogenic behavior (Kulkarni et al., 2007) . Since this assay also measures total distance traveled, it can also be used to measure locomotor effects. Animals pretreated with DUQ0002I (n = 18) showed no difference in the overall distance traveled in the EOM compared to control animals (n = 17) ( Second, we used the light-dark preference (LDP) test, another test of anxiety-like behavior where animals are placed in a two-chamber box with a brightly illuminated side and a completely dark side, separated by a small door. Increases in total time spent in the light side of the box are correlated with decreased anxiety-like effects, while decreases are correlated with increases in anxiety-like effects (Bourin & Hascoet, 2003) .
Pretreatment with DUQ0002I (n = 19) caused animals to trend towards spending more total overall time spent in the light side compared to control animals (n = 15) in the latter half of the test (Figure 3f , unpaired t-test, p = 0.1203). DUQ0002I also caused animals to have a greater TA B L E 2 PDSP secondary binding assay of DUQ0002 fractions showing significant inhibition in primary assay. Representative IC 50 values are derived from radiolabeled-ligand dose-response curves for cyanobacterial fractions (DUQ0002A-I). All values are in ng/ml (N = 3 separate determinations). Open boxes with (-) indicate that fractions failed primary binding criterion of >50% inhibition at 10 μM. mean visit (how long the animal spends on average when it enters the light side) to the light side compared to animals pretreated with vehicle in the latter half of the test (Figure 3g , unpaired t-test, **p = 0.0025). Together, these data from both the EOM and LDP indicate an anxiolytic-like effect of DUQ0002I. Finally, we observed no changes in body temperature in animals that received DUQ0002I via ICV injection compared to vehicle. 
| Characterization of the specificity of DUQ0002I effects
DUQ0002I showed secondary binding affinity for 5-HT 1A R, 5-HT 7 R, and mGluR5. Given the 2-fold selectivity of 5-HT 7 R over 5-HT 1A R and mGluR5, we tested to see if DUQ0002I had effects in 5-HT 7 R knockout animals. If the active compound(s) in DUQ0002I was selective for the 5-HT 7 R, then we would predict that there would be no behavioral changes in any of the assays we had previously tested with DUQ0002I using wildtype male mice. Here a group of both wild-type and 5-HT 7 R knockout male animals were tested in the forced swim test, elevated zero maze, and light-dark preference assays. In the forced swim test (Figure 4a , unpaired t-test, p = 0.2490), DUQ0002I (n = 6) did not cause any change on overall time immobile when compared to vehicle injected knockout mice (n = 6). Similarly, DUQ0002I (n = 6) did not cause animals to spend more time in the open arms (Figure 4b , unpaired t-test, p = 0.7712) or travel a greater percent distance in the open arms (Figure 4c , unpaired t-test, p = 0.5599) when compared to vehicle-treated knockout animals (n = 6) in the elevated zero maze. Finally, in the light dark preference assay, KO animals pretreated with DUQ0002I (n = 6) did not spend a greater amount of time in the light side (Figure 4d , unpaired t-test, p = 0.1929) when compared to KO mice that received vehicle (n = 6). These same animals also did not have a greater mean visit to the light side when compared to control KO animals ( Figure 4e , unpaired t-test, p = 0.4342). Together, these data in the KO animals suggest that the anti-depressive effects observed from DUQ0002I are caused by selective antagonism of the 5-HT 7 R.
As an additional measure of 5-HT 7 R specificity and to help determine whether DUQ0002I is an agonist or an antagonist, we compared the effects of DUQ0002I with a known 5-HT 7 R antagonist, a compound that has been previously shown to have antidepression-like effects in the forced swim test (Guscott et al., 2005) . In a manner similar to DUQ0002I, a five minute pretreatment of 5 μg of SB258719 caused wild-type mice (n = 15) to exhibit statistically significant lower levels of immobility in the forced swim test when compared to animals that received control vehicle injections (n = 15) ( Figure 4f , unpaired t-test, *p = 0.0275). Since antagonism of the 5-HT 7 R is known to cause antidepressant-like effects, the similar behavioral effects of SB258719 suggested a similar antagonistic mechanism as DUQ0002I.
Due to the known sex differences in depression and anxiety (Kokras & Dalla, 2017) , we next tested DUQ0002I in female animals via ICV injection to see if it induced the same antidepression-like and anxiolytic-like effects as we had previously shown in male animals. Interestingly, administration of the same 40 μg dose of DUQ0002I in female mice (n = 8) did not induce any changes in immobility time in the forced swim test when compared to control vehicle-injected mice (n = 8) (Figure 4g , unpaired t-test, p = 0.7675). Similarly, no differences were seen between females treated with DUQ0002I or vehicle in the tail suspension test, elevated zero maze, and light-dark preference test (data not shown). To determine if these sex differences were specific to our cyanobacteria fraction or was a broader effect of 5-HT 7 R antagonists, we also tested the effects of SB258719 in a separate group of wild-type female mice. As with DUQ0002I, SB258719 (n = 8) failed to alter immobility time compared to control vehicle-injected animals (n = 7) (Figure 4h , unpaired t-test, p = 0.5986). These data suggest there may be a previously unidentified difference between males and females in the way they respond to 5-HT 7 R antagonists or in the distribution of 5-HT 7 R in their brains.
| Anatomical characterization of DUQ0002I in males via hippocampal administration
After ICV and specificity characterization of DUQ0002I, we explored which area of the brain was contributing to the observed phenotypes. Previous studies have shown that antagonists of the 5-HT 7 R cause antidepression and anxiolytic-like effects (Guscott et al., 2005) when specifically administered to the CA1 region of the hippocampus (Wesolowska et al., 2006) . We delivered DUQ0002I via intrahippocampal injections to see if this brain region was sufficient to induce the observed effects of DUQ0002I. Only male animals were used since DUQ0002I was shown to not alter behavior in females (Figure 4g ). Here, a group of animals underwent testing using the forced swim test, tail suspension test, elevated zero maze and light-dark preference test. Beginning with the forced swim test, we showed that CA1 administration of DUQ0002I (n = 5) caused a statistically significant decrease in overall time immobile compared to vehicle-treated animals (n = 5) (Figure 5a , unpaired t-test, *p = 0.0450); in contrast to ICV delivery, we found that hippocampal-delivered DUQ0002I (n = 5) also caused an antidepression-like effect in the tail suspension test compared to vehicle-treated animals (n = 5) (Figure 5b , unpaired t-test, **p = 0.0046).
To show overall effects of DUQ0002I in depression-like behavior, we utilized the Z-score analysis technique (Guilloux et al., 2011) . This method allows for the comparison of results across different, but related, sets of data through standardization by comparison to the control group. It enables us to see the overall antidepression-like (or later anti-anxiety-like) effects of DUQ0002I by averaging the effects of the depression behavioral tests (time immobile in forced swim and tail suspension tests). Here, the parameter measured for each animal (time immobile, X) was given an individual Z-score (Z) to determine how many standard deviations (σ) each animal was above or below the mean of the control group (μ) using the following formula: Z = (X-μ) / σ. With this type of analysis, the control group always has an overall Z-score of zero.
For the experimental groups, positive Z-scores reflect positive emotionality changes (i.e., antidepression or antianxiety), whereas negative Zscore reflect negative emotionality changes (i.e., depression, anxiety). Not surprisingly, a Z-score analysis of CA1 administration showed that DUQ0002I (n = 5) caused a statistically significant antidepression-like effect when compared to vehicle-treated animals (n = 5) (Figure 5c , unpaired t-test, **p = 0.0045). These data show that CA1 administration of DUQ0002I is sufficient to induce strong antidepression-like effects.
Next, we tested to see if the anxiolytic-like effects of ICV-delivered DUQ0002I were mediated, in part, by 5-HT 7 R in the CA1 of the hippocampus. In the EOM test, we showed that DUQ0002I (n = 5) did not change the total amount of time spent in the open arms of the maze unpaired t-test, p = 0.5067). Finally, as was done for the depression tests, an overall anxiety test Z-score was calculated for the CA1 administration of DUQ0002I (calculated using the time and percent distance traveled in open from the EOM and time and mean visit to the light side). In contrast to what was shown for depression behaviors, the overall emotionality score related to anxiety behaviors showed no overall difference between control and DUQ0002I treated animals ( Figure 5h , unpaired t-test, p = 0.9127). Combined, these data show that while DUQ0002I administration to the CA1 is sufficient to induce antidepression-like effects, it is not sufficient to induce the anxiolytic-like effects.
| Bioassay-guided fractionation of DUQ0002I
All of the alterations in depression and anxiety-like behavior seen thus far were produced using a fraction of cyanobacterial extract (DUQ0002I), which contained a mixture of various compounds. In an effort, to move beyond simply testing extracts for behavioral effects and identify specific active compounds within this fraction, DUQ0002I was purified into four subfractions (named DUQ0002I-1, -2, -3 and -4) using reverse-phase column chromatography . Sub-fractions DUQ0002I-2, DUQ0002I-3 and DUQ0002I-4 were all obtained as green pastes. In contrast, sub-fraction DUQ0002I-1 was obtained as a yellow paste and, unlike fractions DUQ0002I-2, -3 and -4, was shown by NMR to be most chemically similar to DUQ0002I. Due to its chemical similarity to the parent fraction, and the fact that these sub-fractions still contained mixtures of compounds, sub-fraction DUQ0002I-1 was further purified using silica gel chromatography to yield three more purified sub-fractions, (named DUQ0002I-1A, -B and -C). A flowchart illustrating the fractionation of DUQ0002I can be seen in Figure 6 . All sub-fractions and purified sub-fractions describe herein were tested in vivo (see Figure 7) after the initial characterization of the parent fraction described below in an attempt to determine if these purified fractions contained the active compound(s).
The three subfractions (DUQ0002I-2, -3 and -4) and the three purer subfractions of subfraction DUQ0002I-1 (DUQ0002I-1A, -1B and -1C) were tested via CA1 injections in separate groups of male animals that underwent either the tail suspension or forced swim tests. We predicted that since significant antidepressant-like effects were seen with the parent fraction (DUQ0002I) via CA1 injections (see Figure 5 ), then any subfraction(s) with the active compound(s) should have the same, or perhaps stronger behavioral effects. Since subfraction DUQ0002I-1 had chemically unique characteristics similar to the parent fraction, we predicted that one if its purified subfractions (either DUQ0002I-1A,
-1B or -1C) would contain an active compound and induce the same antidepression-like effects as the parent fraction. fraction by screening it once again using NMR. No changes were observed, such that both the original NMR and this second NMR that reconfirmed activity had the same active peaks. This suggests that the parent nor subfractions had degraded. This may suggest that the activity seen in the parent fraction is caused by a synergistic effect between two or more unidentified compounds in different subfractions that do not have sub-therapeutic activity alone. For our subsequent SNI studies, we chose to test the parent fraction, while structure elucidation efforts continue to identify the individual synergistic components that could become lead compounds in drug design.
F I G U R E 6
Flowchart of the fractionation of DUQ0002I 
| Utilizing DUQ0002I as a therapeutic lead in the spared nerve injury (SNI) model of comorbid pain and depression
Thus far in our studies, we showed that DUQ0002I causes anxiolytic and antidepression-like effects that are specific to male animals and likely act through 5-HT 7 R. We also showed that the antidepression-like effects were likely caused, in part, through targeting the CA1 of the hippocampus. In all of these experiments, the animals that were tested were naïve mice; they did not have any underlying manipulation that caused them to be in a heightened state of depression. In order to understand more about how targeting the 5-HT 7 R may be involved in altering depression-like behavior, we decided to test DUQ0002I in animals with an underlying depression phenotype. Here, only male animals were tested since DUQ0002I was found to not have any effects in females (see Figure 4g ). Since there is significant evidence that chronic pain often occurs with depression symptoms and that each condition can exacerbate the effects of the other (Bair, Robinson, Katon, & Kroenke, 2003; Von Korff, Ormel, Katon, & Lin, 1992) , we decided to use the well characterized spared nerve injury (SNI) model (Decosterd & Woolf, 2000) of neuropathic pain with comorbid depression.
First, we wanted to determine if and when animals that received no compounds with SNI exhibited changes in mechanical sensitivity (i.e., pain-like behavior) and affective behaviors (i.e., depression-like behaviors) when compared to control sham animals. Consistent with the robust pain-like phenotype in SNI, we found that at one, three, five, six and ten weeks post-surgery, male SNI animals (n = 6) had statistically significant lower withdrawal thresholds when compared to sham animals (n = 6) in the ipsilateral paw (Figure 8a , 2-way ANOVA, overall effect of time ***p < 0.0001, overall effect of surgery ***p < 0.0001, Bonferroni post hoc tests, **p < 0.01, ***p < 0.001). We next determined when SNI animals developed depression-like effects in the forced swim and tail suspension tests when compared to sham animals. Using the same group of animals that underwent mechanical sensitivity testing, we found that by the five-week post-surgery time point, SNI animals showed F I G U R E 8 Spared nerve injury (SNI) induces mechanical hypersensitivity and increases depression-like effects 10 weeks post surgery; DUQ0002I administration reverses these depression-like effects when administered to the CA1 in male animals. (a) Mice that receive SNI surgery (n = 6) have lower withdrawal thresholds for up to 10 weeks post surgery compared to sham (n = 6). (b) Mice that receive SNI surgery (n = 6) show a trend of increasing time immobile compared to sham (n = 6) in the forced swim test. (c) Mice that receive SNI surgery (n = 6) increase time immobile compared to sham (n = 6) in the tail suspension test. (d) Mice that receive SNI surgery (n = 6) have a negative depression emotionality score when looking at the effects of the combined depression assays (tail suspension and forced swim tests) compared to sham (n = 6). (e) SNI mice that receive DUQ0002I (n = 12) and sham mice that receive DUQ0002I (n = 10) both decrease time immobile compared to SNI animals that receive vehicle (n = 10) and sham animals that receive vehicle (n = 12) in the forced swim test. (f) SNI mice that receive DUQ0002I (n = 12) and sham mice that receive DUQ0002I (n = 10) both decrease time immobile compared to SNI animals that receive vehicle (n = 10) and sham animals that receive vehicle (n = 12) in the tail suspension test. (g) SNI mice that receive DUQ0002I (n = 12) and sham mice that receive DUQ0002I (n = 10) both show a positive increase in emotionality score when looking at the combined effects of the depression assays (forced swim and tail suspension) compared to SNI animals that receive vehicle (n = 10) and sham animals that receive vehicle (n = 12). A-2-way ANOVA, main effect of time and surgery, Bonferroni post-hoc test *p < 0.05, ***p < 0.001; B-un-paired t-test, p = 0.0834; C-un-paired t-test, **p < 0.01; D-un-paired t-test, *p < 0.05; E-2-way ANOVA, overall main effect of compound; Bonferroni post hoc test n.s. and sham-unpaired t-test, +p = 0.0658 and SNI-unpaired t-test, *p = 0.0458; F-2-way ANOVA, overall main effect of compound; Bonferroni post-hoc test **p < 0.01 and sham-unpaired t-test, *p = 0.0271 and SNI-unpaired t-test, **p = 0.0032; G-2-way ANOVA, overall main effect of compound, Bonferroni post-hoc test *p < 0.05, ***p < 0.001. Data shown as mean ± SEM *** *** *** *** *** ** no differences in overall time immobile in the forced swim and in tail suspension tests (data not shown). However, by the 10 week post-surgery time point, SNI animals (n = 6) trended towards showing higher levels of immobility when compared to sham animals (n = 6) in the forced swim test (Figure 8b , unpaired t-test, p = 0.0834). SNI animals (n = 6) also showed significantly higher levels of immobility in the tail suspension test when compared to control sham animals (n = 6) ( Figure 8c , unpaired t-test, **p = 0.0037). Combining the results with a Z-score analysis (calculated using the time immobile in the forced swim and tail suspension tests) showed that overall, SNI animals showed negative depression emotionality (i.e., greater depression-like behavior) compared to sham animals ( Figure 8d , unpaired t-test, *p = 0.0110).
Since the SNI model caused both pain-like and depression-like effects 10 weeks after surgery, we tested the effects of DUQ0002I at this time point. These data allowed us to determine if DUQ0002I would have an overall greater effect on SNI animals when compared to sham mice due to the underlying model of comorbidity. Here, a group of animals underwent either SNI or sham surgery 10 weeks prior to the beginning of behavioral testing, which included the forced swim and tail suspension tests. DUQ0002I targeted to the CA1 had no behavioral effect on SNIinduced mechanical hypersensitivity (data not shown). However, DUQ0002I had an overall effect in reducing immobility in the forced swim test in both sham (n = 10) and SNI male animals (n = 12) compared to vehicle-treated SNI (n = 10) and sham (n = 12) animals (Figure 8e show similar levels of immobility when DUQ0002I is administered to the CA1 when compared to vehicle-treated animals.
To look at the overall effect that DUQ0002I had on both SNI and sham animals, a Z-score analysis for depression-like behaviors (using time immobile in the forced swim and tail suspension tests) was calculated ( Figure 8g , 2-way ANOVA, overall effect of compound ***p < 0.0001, overall effect of surgery p = 0.1728, Bonferroni post hoc tests, *p < 0.05-sham, ***p < 0.001-SNI). This Z-score analysis shows that overall, DUQ0002I reduced depression-like behaviors in both SNI and sham animals and that these antidepression-like effects may be greater in SNI animals when compared to sham animals.
| D ISCUSS I ON
Overall, our data show that cyanobacteria may represent an important unexplored resource for 5-HT specific ligands. We found an extract from a marine cyanobacterium of the genus Leptolyngbya induces antidepressant and anxiolytic-like effects that are specific to the 5-HT 7 R and male animals using in vivo models of behavior. Additionally, we were able to show that administration of our extract to the CA1 of the hippocampus is sufficient to induce these antidepressant-like effects and that the effects are likely caused by a mixture of compounds in the fraction. Finally, using this fraction, we demonstrated that the active compounds involved had similar effects in animals with comorbid painlike and depression-like behavior.
The genus from which our extract originated, Leptolyngbya, has global distribution in terrestrial and aquatic ecosystems (Shimura et al., 2015) and is one of the major natural product-producing genera of marine cyanobacteria (N. Engene et al., 2013) . While it is unknown if the sample is still growing at the same coordinates, Leptolyngbya growing under similar environmental conditions would be predicted to produce the same types of compounds since Lyngbya, a closely related genus of cyanobacteria, has been found to grow in the same location (and produce the same compounds upon recollection) two years apart (Rossi, Roberts, Yoo, & Gerwick, 1997) . The fact that our phylogenetic analysis showed that DUQ0002 belonged to Leptolyngbya, a different genus from the field identification (Oscillatoria or Moorea), highlights the importance of using 16S rRNA gene sequences to obtain more accurate identifications of field collected cyanobacteria. Recent studies using wholegenome and 16S rRNA sequencing approaches have changed the traditional phylogenetic classification of cyanobacteria (Wilmotte, 1994) .
Known compounds extracted from Leptolyngbya include palmyrolide A, which has potent sodium channel blocking activity without cytotoxicity (Pereira et al., 2010) , crossbyanols A-D with antibiotic activity (Choi, Engene, Smith, Preskitt, & Gerwick, 2010) and honaucins A-C with the ability to inhibit proinflammtory cytokines . Another compound, coibamide A, a potent antiproliferative cyclic depsipeptide, was also extracted from a Leptolyngbya species from the Pacific side of Panama but from the other side of the Azuero peninsula near Coiba Island (Medina et al., 2008) . DUQ0002, however, represents the first Leptolyngbya extract with GPCR-specific psychoactive effects. Overall, these data suggest that Leptolyngbya species have significant potential in the field of neuropharmacognosy.
The observed affinities for cyanobacterial secondary metabolites ( Figure 1 ; Table 2 ), including those from DUQ0002I for 5-HT 1A R and 5-HT 7 R, are very encouraging from a pharmacological viewpoint (Naumenko, Popova, Lacivita, Leopoldo, & Ponimaskin, 2014) and may represent a chemical ecology role for these serotonin receptor ligands. A possible explanation for their presence could be linked to the predator-prey relationship between Aplysia sea hares and marine cyanobacteria. In their natural environment, colonial marine cyanobacteria are preyed upon by Aplysia sea hares. This ecological relationship could link the biosynthesis of 5-HTR ligands by marine cyanobacteria to these marine mollusks due to the simple structure of their nervous system. In Aplysia, the entire CNS consists of only a small number of neurons, which contain 5-HTR and have been shown to be involved in learning and memory (Barbas, DesGroseillers, Castellucci, Carew, & Marinesco, 2003) . The compounds from the cyanobacteria could be affecting the feeding behavior of the sea hares by targeting their nervous system, and provides a possible explanation for their presence. The results of the screening of all 276 fractions from Panama and Curaçao, showing 21% of all fractions have 5-HTR or 5-HT transporter activity, suggest a strong evolutionary pressure to produce 5-HT metabolites in these organisms and show the potential for cyanobacteria to be used in the drug discovery space.
The initial screening of the DUQ0002 fraction using the ICV administration route allowed us to have the broadest possible application of the fractions across the brain, brainstem and spinal cord, while overall reducing the total amount needed to see effects. It also allowed us to avoid potentially harmful systemic effects of targeting serotonin receptors (Hutcheson, Setola, Roth, & Merryman, 2011) and allowed us to test compounds that might not cross the BBB. Other broad administration routes, including intravenous, intraperitoneal or oral gavage, while more clinically relevant, would have limited our testing. Additionally, we are not overly concerned about BBB permeability or alternate administration routes of our fractions. Along with this, only one dose (40 μg) of the parent fraction (DUQ0002I) was tested. Since this initial dose worked to induce behavioral changes from the first screening tests, it was the dose that was used for the rest of the studies. Testing different doses of the parent fraction would not have provided any additional insight into the specific dose of active compound(s) needed since DUQ0002I itself is a mixture of compounds. Rather, our overall focus is on discovering and identifying compounds with efficacy in animal models at an early stage before dealing with lead optimization, modifications that could circumvent administration issues and dosing.
Our results from the initial screening of fraction DUQ0002I with ICV administration correspond well with other studies of the 5-HT 7 R using selective ligands in animal models of depression and anxiety. While the models used are not models of the anhedonic profile or chronic treatment, the assays that were used are well-characterized and show a strong predictive efficacy in terms of how compounds would work in humans (Wang, Timberlake, Prall, & Dwivedi, 2017) . In terms of depression, in rodents, administration of the selective 5-HT 7 R antagonist SB269970 decreases depression-like behaviors in the forced swim, tail suspension, and conflict drinking tests (Hedlund et al., 2005; Sarkisyan et al., 2010; Wesolowska et al., 2006) . Other novel antagonists have shown similar antidepression-like effects (Kim et al., 2014) . Moreover, male 5-HT 7 R knockout animals also exhibit a similar phenotype (Guscott et al., 2005) . This suggests that these changes in behavior are truly dependent on the 5-HT 7 R. Looking at anxiety-like behavior, in mice, pharmacological blockade of the 5-HT 7 R reduces anxiety-like behavior in the open field test (Guilloux et al., 2013) . Other studies have shown similar results with SB269970 causing anxiolytic-like effects in the Vogel drinking test and elevated plus maze in rats and the four-plate test in mice (Wesolowska et al., 2006) . SB269970 has also been shown to cause a reduction in marble burying in mice, a behavior showing an anxiolytic-like effect (Hedlund & Sutcliffe, 2007) . Combined, these data show that, in general, antagonists of the 5-HT 7 R decrease both depression and anxiety-like behaviors. Therefore, since the behavioral phenotype of DUQ0002I mimics the effects of these known antagonists, it suggests the active compound(s) in DUQ0002I is most likely acting as an antagonist of the 5-HT 7 R. Our data also support an overall anti-depressant and anti-anxiety role of inhibiting 5-HT 7 R since we were able to induce the same behavioral effect with ICV injections of a known 5-HT 7 R antagonist SB258719. Moreover, the fact that DUQ0002I failed to induce antidepressant and anxiolytic-like effects in 5-HT 7 R knockout animals suggests the selectivity of the active compounds in DUQ0002I for the 5-HT 7 R and indicates that the active compounds may not be acting on any other receptors, including the 5-HT 1A R, NET or mGluR5. One explanation for this is that the behavioral effects of DUQ0002I were occluded by genetic ablation of the 5-HT 7 R, suggesting that DUQ0002I was acting as an antagonist of the 5-HT 7 R. However, it should be noted that in these knockout animals, already showing an antidepression-like phenotype, it may be difficult to see further antidepression-like effects, even if DUQ0002I was acting on a distinct receptor.
Our data show a potentially interesting and uncharacterized sex difference in terms of response to inhibition of the 5-HT 7 R in depression and anxiety-like behaviors. All of our initial antidepressant and anxiolytic-like DUQ0002I effects were found in male animals and were not replicated in female mice. Likewise, female mice did not show any behavioral changes with administration of the 5-HT 7 R antagonist SB258719.
Despite the known sex differences in depression and anxiety (Kokras & Dalla, 2017) , all of the depression studies (Hedlund et al., 2005; Kim et al., 2014; Mnie-Filali et al., 2011; Sarkisyan et al., 2010; Wesolowska et al., 2006) and anxiety studies (Guilloux et al., 2013; Hedlund & Sutcliffe, 2007; Wesolowska et al., 2006) that have looked into the behavioral effects of 5-HT 7 R antagonists were done using only male animals. This is also true for 5-HT 7 KO studies where only male mice have been tested in cognitive assays (Guscott et al., 2005; Roberts et al., 2004) . The only exception is a study that found there was no hypothermic response to 5-HT in male or female mice (Hedlund et al., 2003) . It is known that estrogens can interfere with the effects of antidepressants (Keers & Aitchison, 2010) and that females can exhibit higher levels of serotonin and synthesize it more slowly (Nishizawa et al., 1997) . Additional work is needed to determine the mechanism behind the observed sex differences. In the pain literature, several studies have found that 5-HT 7 R antagonists increase pain-like behaviors in males (Brenchat et al., 2009; Liu, Reid, & Sawynok, 2013) , whereas antagonists decrease pain-like behaviors in females (Amaya-Castellanos et al., 2011; Godinez-Chaparro, Barragan-Iglesias, Castaneda-Corral, Rocha-Gonzalez, & Granados-Soto, 2011) . Our failure to see an effect of DUQ0002I in SNI-induced hypersensitivity may have been caused by a floor effect in the assay where male SNI-treated mice could not show additional pain behavior.
Future studies with DUQ0002I will explore potential effects in the context of other models of acute and chronic pain.
The results from our anatomical studies have provided insight into where the compounds present in DUQ0002I may be acting to induce the effects observed. The initial characterization experiments with ICV injections allowed us to broadly target the 5-HT 7 R in the central nervous system. The lack of anatomical specificity with the ICV injections is most likely the reason behind the wide range of effects we saw in the behavioral assays. 5-HT 7 R expression is well-characterized in rodents and humans and is known to be expressed in a variety of regions including the cortex, hippocampus, amygdala, hypothalamus and thalamus (Bonaventure et al., 2004; Gellynck et al., 2013; Martin-Cora & Pazos, 2004; Varnas, Thomas, Tupala, Tiihonen, & Hall, 2004) . The hippocampus is part of the limbic circuitry of the brain and serotonin in this region is involved in emotional states (Hensler, 2006) and may play a role in the action of antidepressants (Nestler et al., 2002; Vythilingam et al., 2004) . Moreover, the 5-HT 7 R has been shown to play a role in hippocampal neuronal excitability (Tokarski, Zahorodna, Bobula, & Hess, 2003) , glutamatergic synaptic transmission (Andreetta et al., 2016; Costa, Trovato, Musumeci, Catania, & Ciranna, 2012; Vasefi et al., 2013) , synaptic plasticity (Costa, Sardone, Lacivita, Leopoldo, & Ciranna, 2015) and hippocampal-dependent memory (Eriksson, Golkar, Ekstrom, Svenningsson, & Ogren, 2008; Sarkisyan & Hedlund, 2009) . Previous studies have shown that blocking 5-HT 7 R in the CA1 region of the hippocampus decreases depression-like behaviors in rodents (Wesolowska et al., 2006) , and our results obtained in the forced swim and tail suspension tests show the same effect with administration of DUQ0002I. Of note, we saw antidepressant-like effects in both FST and TST with CA1 administration of DUQ0002I; with ICV injection, effects were only seen in FST. This TST difference could be a result of an insufficient dose of the active compounds in DUQ0002I reaching the area of activation with the ICV injections. We also completed a Z-score analysis (Guilloux et al., 2011) of "depression" behaviors. The Z-score analysis is a powerful that allows for the comparison of results across similar assays and has been used in studies that use multiple measures of behavior (de Sa-Calcada et al., 2015; Maluach et al., 2017; Mendez-David et al., 2017; Sargin, Oliver, & Lambe, 2016) . The Z-score analysis highlights the robust anti-depressant effect that DUQ0002I had when administered to the CA1.
The strong anti-depressant effect was in contrast to our failure to observe anxiety-like behaviors with CA1 administration of DUQ0002I.
We showed that there were no effects in either the elevated zero maze or light dark preference tests. The contrast between the Z-score analyses of the depression behaviors and anxiety behaviors highlights this difference very clearly. The fact that anxiolytic-like effects were not seen via CA1 administration but were seen with ICV administration also tells us that DUQ0002I has the potential to act at multiple CNS sites. Notably, the amygdala is one of the central brain regions known to be involved with anxiety and fear (Adhikari et al., 2015) . The fact that 5-HT 7 R are expressed in the amygdala (Bonaventure et al., 2004) and that it is close to the cerebrospinal fluid system targeted with ICV injections means that it could possibly be the site of action for the anxiety-like effects of DUQ0002I.
Interestingly, in our attempt to find the active compound in DUQ0002I responsible for inducing the behavioral effects shown, we found that none of the subfractions DUQ0002I-1A, B and C and 2, 3 and 4 induced any antidepressant-like effects with CA1 administration. This suggests that a mixture of one or more compounds found in the original parent fraction itself (DUQ0002I) is responsible for the changes in behavior. While no definitive conclusions can be drawn about the number of compounds or dose of each active compound required to cause effects with our cyanobacterial fraction, this type of synergistic effect from natural products is not uncommon. Isoflavone and curcumin, two natural products, inhibit the growth of pancreatic cancer cells and alter gene expression in vitro but only in combination (Wang et al., 2008) .
Other examples include the wide variety of plant extracts, such as terpenoids, glycosteroids, flavonoids and polyphenols, that all have weak little to no antibiotic activity on their own, but have strong synergistic antibiotic effects on a wide range of microbes (Hemaiswarya, Kruthiventi, & Doble, 2008) . A similar type of synergistic effect is possibly occurring with the mixture of compounds found in DUQ0002I.
Finally, our work indicates how natural products can be used for more than simply drug discovery. Natural product research can be used to develop tools to understand biological systems. In this case, we chose to use DUQ0002I in the context of the spared nerve injury (SNI), a wellestablished model of neuropathic pain with comorbid depression (Norman et al., 2010; Suzuki et al., 2007) , to learn more about the role of the 5-HT 7 R in the development of this condition. Rates of major depressive disorder (MDD) and depression symptoms are very high (13%-82%) in chronic pain patients depending on the type of pain studied (Bair et al., 2003) . In contrast, MDD only exists at a rate of 6.7% in isolation in U.S. adults (Kessler, Chiu, Demler, & Walters, 2005) and rates of chronic pain conditions, such as facial pain (4%) and fibromyalgia (2.5%) are also fairly low in isolation (NCHS, 2006) . Similar to previous findings (Suzuki et al., 2007) , SNI mice did not develop significant depression-like symptoms until ten-weeks post surgery, suggesting that the development of "depression" is slow to develop and is secondary to the primary hypersensitivity. The Z-score of depression-like behaviors in SNI when compared to sham animals highlight the significant behavioral changes that occur in SNI animals. With this model established, we showed that not only does DUQ0002I decrease depression-like behaviors in the forced swim and tail suspension tests in sham animals, but it also has a significant effect in SNI animals. This is similar to results that were found in another model of depression, the olfactory bulbectomy paradigm in rats, where blockade of the 5-HT 7 R with the selective antagonist SB269970 was found to counteract the model's depression-inducing effects (Mnie-Filali et al., 2011) . Future studies will have to investigate what other changes occur with 5-HT 7 R in the context of comorbidity.
Overall, our study demonstrates the power of utilizing natural products derived from marine cyanobacteria to probe the CNS. Here, we were able to show that a synergistic mixture of compounds from a species of Leptolyngbya could induce robust antidepressant and anxiolyticeffects in animal models of behavior. While the fact that our extract induced behavioral effects through a mixture of unidentified compounds does lead to some limitations, it nevertheless provided insight into some of the biology of the serotonin system. This extract shed light onto the anatomical specificity of the depression-like effects of blocking the 5-HT 7 R, helped us to discover a possible fundamental difference between males and females in the way the 5-HT 7 R system works to induce these effects, and provided evidence that the 5-HT 7 R may play a role in comorbid pain and depression. These discoveries illustrate the potential that these microbial secondary metabolites have for CNS drug discovery and, in the future, could possibly be used for treatment of CNS disorders related to GPCR malfunction.
CO N FLI C T O F I NTE R E S T S TATE M E NT
The authors report no conflict of interest.
